Objectives-The aim of our study was to determine the effectiveness of using ultrasound (US) to increase the permeability of the nail, with the goal of improving outcomes in the treatment of onychomycosis.
M
illions of people have onychomycosis, a fungal nail disorder characterized by thick, yellow, and painful nails. Onychomycosis is often overlooked and undertreated because of a lack of appreciation on both the patient and physician sides regarding the detrimental psychosocial effects it creates and the substantial medical complications it can cause. 1 Patients with onychomycosis not only have issues with normal nail functioning, such as the wearing of shoes and the trimming of nails, but are also found to be less likely to form good relationships and to feel more socially excluded than those without the disease. 2, 3 It has been found that the infection causes the most stigmatization and overall substantially reduced physical, mental, and social well-being in female and younger patients. 4 It is estimated that as many as 32 million people in the United States alone have onychomycosis. 1 Onychomycosis is of particular concern for patients with diabetes, because these patients are at a considerably higher risk of developing cellulitis, ulcers, and gangerene.
A common approach for onychomycosis treatment is an orally prescribed drug, terbinafine. This drug, however, takes more than 6 months to work, has an overall failure rate of greater than 30%, and is associated with numerous side effects, including elevated levels of liver enzymes and hepatitis. 6, 7 The other current treatment option is an antifungal drug, ciclopirox, which is applied in nail polish form. This treatment plan is often preferred because the drug has only nonserious, infrequently reported side effects. However, the cure rate for this drug is only 36% after 6 months of daily application. 8, 9 A more recently approved topical drug, efinaconazole, has a slightly better cure rate but has to be applied for up to 10 months and has a high out-ofpocket cost of around $500 per month. 10 The topical drugs have poor treatment effectiveness because they must permeate through the nail to reach the surface of the nail bed where the fungus resides. One of the most prominent reasons for poor nail permeability is the binding of the drug to the keratin in the nail, which decreases the amount of drug that is able to travel through the entirety of the nail and increases the amount of drug in the top few layers of the nail. 11 The method proposed in this article is to apply ultrasound (US) to the nail to increase the amount of drug that permeates through the entirety of the nail, allowing it to fully reach the treatment site.
Ultrasound has been used successfully to increase drug delivery to the skin and to the eyes, but there is only preliminary evidence about its use to increase delivery to the nail bed. 12, 13 The main mechanism of action in US-enhanced drug delivery appears to be cavitationinduced production of micrometer-size pores in the surface barrier layer. 13, 14 Ultrasound also causes microstreaming and bulk fluid streaming. 15 Streaming is caused by a reduction in the strength of the US waves due to their absorption and scattering. 16 Microstreaming is the flow of fluids caused by the application of US. Microstreaming and bulk fluid streaming have been previously shown to facilitate drug delivery through the skin. 17 A combination of streaming and cavitation are expected to be the mechanisms for increasing drug delivery through the nail.
Materials and Methods
This experimental work consisted of 3 distinct sets of experiments. The first 2 sets of experiments, the luminosity experiments and the diffusion cell experiments, were designed to measure the increase in the permeability of a drug-mimicking compound into and through a nail due to US exposure. The luminosity experiments focused on the quantification of the change in the color of the nail itself when exposed to a blue dye solution in the presence of US at different parameters, and the diffusion cell experiments used spectrophotometry and a Franz diffusion cell to measure how much of the blue dye compound permeated all the way through the nail from the donor compartment filled with the dye to the receiver compartment using dilution at different US parameters. The third experiment investigated the thermal safety of applying US to the human toe in a potential clinical application of this method for the treatment of nail fungus.
The drug-mimicking compound used in the experiments was a standard food coloring water-soluble blue dye (FD&C Blue No. 1, Brilliant Blue FCF, E133; Flavors & Colors, Walnut, CA) with a molecular weight of 792.84 g/mol. Comparably, ciclopirox, the most commonly used topical drug for onychomycosis treatment, has a molecular weight of 207.27 g/mol. Both the blue dye and the nail drugs are considered small molecules, and for small molecules, the permeability varies inversely with molecular weight, meaning that ciclopirox would be assumed to have a greater permeability than the blue dye used in the experiments. 18 Additionally, both the drug-mimicking compound and the drug are hydrophilic. Because the keratin of the nail is hydrophilic, the nail is permeable to hydrophilic substances such as the dye used here. 19 Both the luminosity experiments and the diffusion cell experiments used porcine nails. The pig feet were obtained from Sioux-Preme Packing Company (Sioux Center, IA), and the nails were separated with a scalpel and razor before being stored at 10.6 8C until their use. The pieces of porcine nail were cut to be approximately the size of a human nail (1 3 1 3 0.1 cm).
The unfocused circular US transducers used in all experiments had an active diameter of 15 mm and center frequencies of 400, 600, and 800 kHz and 1 MHz (Sonic Concepts, Inc, Bothell, WA). The US waveforms were developed by a function generator (Agilent Technologies, Santa Clara, CA) and amplified to obtain a 50-dB gain by an amplifier (150A100B RF amplifier; Amplifier Research, Souderton, PA). The US used for all experiments was set to be 1 W/cm 2 at the top and center of the nail at a 100% duty cycle and each of the abovementioned 4 frequencies. In the luminosity experiments ( Figure 1A) , US was applied to a nail in a 50-mL beaker, which was in a water bath held at 37 8C (Thermo Haake DC10-P21; Fisher Scientific, Waltham, MA). The beaker was filled with the previously described blue dye, and the nail was sonicated from a distance of 40.5 mm for 5 minutes. The shamtreated nails were exposed to the dye for 5 minutes with no US sonication. Images of the nails facing upward and downward and of their cross sections were taken (iPhone 6; Apple Inc, Cupertino, CA). The images of the cross sections were then analyzed with Photoshop 10.0 (Adobe Systems, Inc, San Jose, CA) to compare the average brightness and, therefore, diffusion of dye through each of the nails. On the scale used by Photoshop, the brightness constant b was developed as follows: 250 represented a pure white image, and 0 represented a pure black image. This number was adjusted to form the luminosity value v, which increases with an increase in diffusion as follows:
The luminosity value was compared to the sham experiments by an unequal-variance 2-tailed Student t test (n 5 8).
The second set of experiments used a diffusion cell setup ( Figure 1B ). The diffusion cell (PermeGear; Hellertown, PA) was fit with a custom-made nail adapter to avoid leakage of dye around the nail and given a lid adapter so that 50 mL of dye and the transducer could easily fit above the nail adapter. The nail adapter was made from plastic that screwed together tightly and was secured to the diffusion cell with small metal clamps.
The lid adapter was made from a plastic beaker and secured onto the top of the nail adapter with epoxy. During experiments, the receiver compartment of the diffusion cell was filled with saline solution and a magnetic stirring bar, which was spun at 450 rpm to ensure that the compartment was fully mixed during experimentation. The entire diffusion cell was placed in a water bath at 37 8C. The donor compartment was then filled with 50 mL of the previously described blue dye, and the transducer was placed 85 mm from the nail for 5 minutes of sonication. Before being placed in the donor compartment, the blue dye was set at room temperature for at least 20 minutes. After the 5 minutes of sonication, the diffusion cell experiment continued for another 55 minutes to allow the dye to travel through the entirety of the nail. The control nails were not treated with any US and just exposed to the dye solution for the 60 minutes. The published literature for lag time in the nail is not very consistent. Some studies suggested that the lag time is as high as 400 hours; however, other studies found a time closer to 15 minutes depending on the energy source supplied. 20, 21 Because of these inconsistencies, 60 minutes of nail exposure to the dye solution was used for all trials.
After the completion of the experiment, 2 mL of solution was collected from the receiving compartment of the diffusion cell, and its absorption was measured with a spectrophotometer (UVmini-1240; Shimadzu, Columbia, MD) using saline as a base. The wavelength used for measurement was found to be 628 nm by performing an initial calibration curve on the blue dye. This number was consistent with published values. 22 Two serial dilutions totaling 26 measurements of dye in saline were also performed at this wavelength to develop an equation to convert from absorption measurement to Figure 1 . Luminosity and diffusion cell experimental setup. A, In the luminosity experiments, pieces of porcine nail were placed in a blue dye solution 40.5 mm from the US transducer, and a thermocouple was placed near the nail. B, In the diffusion cell experiments, the receiving compartment was filled with a saline solution, and a stir bar that spun at 450 rpm was placed in the bottom of this compartment. The donor compartment was filled with the same blue dye solution, and the US transducer was placed at 85 mm from the nail. A thermocouple was also placed near the nail.
dilution. By an unequal-variance 2-tailed Student t test, US-treated groups were compared to sham-treated groups (n 5 6).
During experimentation, the temperature near the nail was measured by a thermocouple every minute (Waterman TMD90; Wavetek, San Diego, CA). The thermocouple has a range of 2200 8C to 650 8C, a resolution of 0.1 8C, and accuracy of 0.1%. Temperature measurements were done for both the luminosity and diffusion cell experiments. In the diffusion cell experiments, the thermocouple was placed in the donor compartment. In the luminosity experiments, the thermocouple was placed right next to the nail.
Once the nails were treated in the diffusion cell experiment, 2 samples at each US frequency, including sham samples, were fixed in formalin, cut to 5-lm slices, prepared with hematoxylin-eosin and periodic acid Schiff, and fixed to a slide. The biopsies were then observed under a microscope and documented photographically. 23 To determine the US intensity distribution in the diffusion cell and luminosity experiments and to execute the safety simulations, PZFlex modeling software (Weidlinger Associates, Mountain View, CA) was used. PZFlex is finite-element analysis software that uses an explicit time domain to calculate the pressure and thermal effects of US. For all PZFlex simulations, a desktop computer (T5500; Dell, Round Rock, TX) with 40 GB of memory and a dual-core 2.66-GHz Intel processor was used. Following PZFlex manufacturer recommendations to guarantee optimal spatial resolution, the grid size was made to be one-fifteenth of the exposure wavelength for each applied US frequency. The convergence of this model was successfully checked by using 11 simulations at 400 kHz and 1 MHz. For each simulation, the axis was set to be symmetric, and the boundary conditions were set to be absorbing. The acoustic and thermal characteristics of the biological materials included in the simulations are shown in Table 1 .
To simulate the intensity in the luminosity experiments, the following materials were used: nail, water to model the blue dye, and glass to model the beaker. To simulate the intensity in the diffusion cell experiments, the following materials were used: nail, glass to model the diffusion cell, plastic to model the 1 nail adaptor used, and water to model the blue dye and the saline in the diffusion cell (Figure 2 ). Because the dye has properties that are similar to those of water and is hydrophilic, modeling the dye with water was acceptable. 24 Both luminosity and diffusion cell simulation models used a constant distance from the transducer to the nail, and the same distance was used in the in vitro experiments; 45 mm was used for simulations of the luminosity experiments, and 85 mm was used for simulations of the diffusion cell experiments. For each frequency, the near field-to-far field transition distance (DFF) was calculated by the following equation, with D as the diameter of the transducer, f as the frequency and V as the velocity of sound 25 :
The DFFs calculated for 400, 600, and 800 kHz and 1 MHz were 10.5, 20.25, 30.0, and 30.75 mm, respectively. At distances greater than the DFF, the wave propagation and intensity are predictable. 25 For both experiments, distances greater than the DFF for all 4 frequencies (45 and 85 mm) were used, predicting consistent wave propagation. The US intensity was measured by radiation force balance as described in our previous study. 26 The intensity distribution in the specific experimental setups was further quantified by PZFlex simulations. For both luminosity and diffusion cell experiments, a continuous US beam was used with an exposure time of 5 minutes at each of the aforementioned frequencies, as used in the actual experiments. The results of these simulations are shown in Table 2 , and all intensities were found to be 1 6 0.1 W/cm 2 , which agreed with our radiation force balance measurement data.
In the third and final set of experiments, a modeling study of the safety of US application to the human toe was investigated. A 2-dimensional symmetric model of the human toe was used. Because the human toe is already symmetric, this model is a realistic representation of the structure. However, in the real human toe, the structure is slightly curved, but in this model, all layers were straight and rectangular, which may have slightly increased simulated temperature values. 27 The nail is directly above the nailbed or germinal matrix, which was approximated as part of the subcutaneous tissue below because of the similarity of their properties. Below the subcutaneous tissue is the phalanx and, finally, a bottom layer of skin. The thicknesses of each of these structures was estimated according to literature and rounded to the nearest 0.5 mm because of PZFlex allowances, as shown in Table 3 . Due to the unpredictable acoustic attenuation with frequencies below 1 MHz, tests were only performed at 1 MHz. However, temperature increases with frequency, so the 3 other frequencies used in vitro would have smaller temperature increases. 28 The substance surrounding the toe was modeled as water. With the use of the PZFlex software, the transducer was placed at the DFF, which was calculated to be 30.75 cm. The applied intensity was 1 W/cm 2 . The exposure times were 1, 2, 3, 4, and 5 minutes. The thermal data were presented in graph form.
Results
In the luminosity experiments, it was found that a higher frequency of US correlated with a higher luminosity constant and, therefore, more diffusion of dye into the nail (Figure 3) . The average luminosity value obtained for the control nails, which were not exposed to any US, was 0.096. This value was much lower than the corresponding values for any of the nails exposed to US. The nails exposed to 400-kHz US had an average luminosity value of 0.129, whereas the nails exposed to 600-kHz US had an average value of 0.135. However, the average value for the nails exposed to 800-kHz US was 0.152 (58.3% increase compared to the control value; P < .05), and the average value for the nails exposed to 1-MHz US was 0.187 (94.8% increase compared to the control value; P < .005). Both the 800-kHz and 1-MHz tests were found to be statistically different from the control value, indicating that more dye was permeating through the nails exposed to US compared to the control. As shown in Figure 4 , the difference in nail cross section brightness could also be seen by the human eye. While the luminosity experiments were run, the temperature of the dye near the nail was measured at each frequency to test thermal safety. These temperature results are shown in Figure 5 . The temperature increases for all of the experiments were relatively constant, around 0.5 8C (with the highest increase of 0.7 8C observed in a sham experiment) and were not expected to affect the dye uptake into the nail.
For the diffusion cell experiments, the comparison in permeability of the nail is shown in Figure 6 . Ultrasound application was found to increase nail permeability by 26.7% at 400 kHz, 19.5% at 600 kHz, 44.5% at 800 kHz, and 70.3% at 1 MHz (n 5 6). All 4 of these frequencies were found to be statistically different (P < .05) compared to control values. When the temperature was measured during experiments at each of the 4 frequencies, a maximum increase of 0.7 8C was found in the 600-kHz experiment, as can be seen in Figure 7 .
The histologic results showed no difference between the control nail and the US-treated nails. The comparison between the nail exposed to 600-kHz US and the control nail can be seen in Figure 8 .
For the safety simulations, the results are shown in Figure 9 . The temperature increased with increasing time exposure. The maximum temperature increase when 1-MHz US was applied was 4.4 8C and occurred in the bone after 5 minutes of exposure. The highest temperature increases inside the human toe were found in the bone, and the lowest temperature increases were found in the skin.
Discussion
The current standard-of-care treatment method for onychomycosis is the application of antifungal drugs to the top of the nail; however, the ability of the drug to reach Figure 3 . Luminosity results. The luminosity value was determined by taking the cross section of each nail after sonication and measuring its average brightness.This number was then used to calculate the luminosity value. Error bars are symmetric around the mean. the nail bed is limited because of the poor permeability of the nail. In the previous preliminary studies performed by our laboratory, it was shown that US application could be used to increase nail permeability. 12 In the study presented here, the use of US for increasing drug delivery through the nail was further supported. Our results found that US increased the nail permeability by up to 95% at US exposure parameters that appear safe to apply, based on the modeled temperature increases in the human toe.
In the luminosity experiments, although the 400-and 600-kHz treatments did not achieve statistical significance, the 800-kHz and 1-MHz treatments were found to be statistically significant compared to the sham treatment. In the diffusion cell experiments, treatments at all 4 frequencies were found to be statistically significant, but the most diffusion into the nail was found to occur during the 800-kHz and 1-MHz US treatments. In both luminosity and diffusion cell experiments, the US frequency with the largest increase in nail permeability was 1 MHz. Because the most compound delivery was observed at higher frequencies, it is likely that the mechanisms of action in this case are bulk streaming and microstreaming. 16 Another possible mechanism for the increased drug delivery is cavitation. Cavitation is the production of micrometer-size pores in the surface barrier layer. 13, 14 For example, inertial cavitation was shown to be the cause of alteration in barrier properties and structure of the stratum corneum and transdermal drug delivery. 29, 30 Because most compound delivery through the nail appears to occur at higher frequencies, it is likely that cavitation does not have a critical impact on the delivery because its effect is greatest at the lowest frequencies. The change in temperature due to the application of US is due to the balance of heat loss and heat gain in the exposed tissues. 29 The absorption characteristics of each tissue determine the heat gain, whereas the composition and vascularity of the tissue determine the heat loss. In the simulation, most of the maximum temperature increases occurred in the bone. A larger acoustic attenuation constant correlates with more heat absorption, and the bone has the highest acoustic attenuation of the tissues that compose the toe. 29 Therefore, it is logical that these are the two tissues in which the highest temperature increase occurs. Our results are mostly consistent with previously published results. Our results showed a positive correlation between the exposure time and temperature, with the temperature increasing steadily until 2 minutes of application and then plateauing at around a 4 8C increase.
To be a complete model of the human toe, our model would need perfusion. Although perfusion is thought to affect the change in temperature due to US, it is reported to do so by decreasing the temperature by 10%, meaning that the results found in this study should be systematically 10% higher than those found in a living model. 31 Using the British Medical Ultrasound Society's safety considerations, a temperature increase of 3 8C is considered safe, but according to the American Institute of Ultrasound in Medicine, an increase of 4.5 8C is considered safe. 32, 33 These guidelines indicate that the values found in our study are close to being at the safety limit for application to the human toe. Because of this factor, pulsing or a shorter application time will be considered in future studies and before this device is considered safe for in vivo application.
The two other main methods that are currently under investigation for improving drug delivery to the nail bed are iontophoresis and laser treatment. Iontophoresis is the use of an electric field to drive ions and carry the individual drug molecules. The reported studies on iontophoresis show a significant increase in drug delivery to the nail, one even showing an increase of up to 54-fold. 34 However, to use iontophoresis, a particular electrolyte drug type is needed, and regular commercially available drugs cannot be used. 7 Additionally, there has been preliminary evidence found that suggests that iontophoresis may substantially shrink the length of nails and negatively affect nail growth. 35 Another treatment method that has already been approved by the Food and Drug Administration is laser treatment. 36 The mechanism of lasers in onychomycosis drug delivery is still not completely understood, but it is suspected to involve the direct heating effects of the laser on the nail bed. 37 However, the clinical results for laser Histologic results: microscopic images taken at 3400 of the control nail and nail exposed to 600-kHz US. Nails were prepared by standard hematoxylin-eosin staining.
application appear not to be very promising. For example, in a clinical trial that took place over 3 months, it was found that only 33% of the patients treated with a laser tested negatively for onychomycosis after the entirety of treatment, compared to 20% of the control group. 38 Several other groups found a positive correlation between the laser treatment and onychomycosis treatment. One study found that after 16 weeks, of the nails treated with lasers, 61% were completely cured; 19% had a large improvement in nail appearance; and 11% had a moderate nail appearance improvement. 38 In safety studies of the laser treatments, the laser was found to be safe in general despite causing swelling and erythema. 37 In conclusion, the data presented in this study suggest a clear connection between US application and the improved delivery of a drug-mimicking compound through the nail. It was found that at the higher frequency of 800 kHz or 1 MHz, more of the compound permeated through the nail. Our data suggest a possibility for this technique to eventually make its way into clinical practice. In the safety modeling studies, it was found that the US application used was at the limit of thermal safety guidelines. Application of US in a pulsing regimen will be investigated to lower the temperature increase.
